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Gd-doped compounds CuGa,,Gd,Te; (0<x<0.02) incorporated with tellurium 
nanoparticles are synthesized by fusion method. Their thermoelectric properties 
are investigated in the temperature range of 300-800K. The results indicate that 
the synergistic effect of Gd-doping and Te incorporation remarkably enhances the 


thermoelectric performance of CuGaTe>. Specially, the thermal conductivity x of 
the specimen CuGao9sGdo.02Te2/0. 7vol. %Te reduces to 0.45 Wm'K' at 684K, 
which is ~74% smaller than that of pure CuGaTe; (k=1.76 W:m'-K' at 684K) 
due to the incorporation of nanostructure Te. The thermoelectric figure of merit 
value (ZT) reaches 0.75 at 737K for the specimen CuGao.99Gdo0: Te2/0.7vol.%Te, 


which is ~115% larger than that of pure CuGaTe>. 
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1. Introduction 


In the last few decades, much attention has been focused on the field of thermoelectrics 
driven by the compelling need for more efficient and environmentally friendly energy 
conversion technologies [1-6]. However, the relatively low efficiencies of current 
thermoelectric (TE) device limit their large-scale commercialization [7-9]. The 
efficiency of TE device is determined by the TE figure of merit, defined by ZT (ZT = 
S’oT/« ), where S, c, T, and x are the electric conductivity, the Seebeck coefficient, the 
absolute temperature, and the thermal conductivity, respectively. A good TE material 


should possess a high power factor (S'o) and low thermal conductivity. 


Many methods have been used to improve ZT of TE materials, among which element 
doping [10-17] aiming at optimization of carrier concentration and introduction of 
second phase [18-28] with nanosize designed to enhance Seebeck coefficient through an 
energy filtering effect and reduce the thermal conductivity by strengthened phonon 
scattering are effective way to enhance the TE performance. For example, Mn- 
substituted compound Pb;.,.Mn,Te [16] presented ZT=1.6 at 700K. Cui et al [17] 
synthesized the sample Cup »9sGaSbo02Te2, its ZT reached 1.07 at 721K. Li et al[19] 
obtained a high ZT value of 1.33 at 373K in Bio3Sb;7Te; incorporated with only 0.4 vol 
% SiC nanoparticles. Zhai et al[21] reported a maximum ZT of 0.9 at 700K in In,Se;- 
based composite embedded with elemental indium. CoSb;/grapheme [24] and 
CulnTe2/graphene[25] composites had the maximum ZT value of 0.61 (800K) and 
0.40 (700K), respectively. And in the reference [26], through an energy filtering effect 
caused by carrier scattering at interface barriers and reduction in lattice thermal 
conductivity due to interface scattering, the ZT value reached 1.37 at 648K in the 
composite system fl-ZnaSb; with 5vol.% of Cus;SbSe,. When a thermoelectric matrix is 


incorporated with a second phase, the interface scattering is expected to reduce the 


thermal conductivity with slight effect on electrical conductivity[24]. Therefore, the 
nanocomposite approach is expected as the focus of future TE materials 


breakthroughs[29]. 

As a p-type semiconductor with E,=1.2eV, CuGaTe, has chalcopyrite structure with the 
space group I-42d. CuGaTe, has been widely investigated as a promising candidate for 
thin film solar cells, photovoltaic devices, and so on [30-39]. Until recently, it was 
reported as a promising candidate for thermoelectric (TE) materials. Theerayuth 
Plirdpring et al [40] found that pure CuGaTe, has high ZT value at high temperature. 
However, few further optimizations [41-45] were realized for CuGaTe,. In order to 
enhance the TE performance of CuGaTe;, rare earth Gd atoms as dopant is introduced 
into the CuGaTe; matrix to substitute Ga sites, for the substitution of Gd for Ga atoms 
can produce lattice distortion and point defects, meanwhile, we introduce tellurium 
nanoparticles into the matrix as second phase. Through this approach we want to obtain 
smaller thermal conductivity « due to effective scattering of acoustic phonons [47]. We 
have investigated the TE properties of the nanocomposites in the temperature range of 
300-800K. The results indicated that our method effectively enhanced the 


thermoelectric performance of CuGaTe.. 


2. Experimental 


Pure CuGaTe; and nanocomposites CuGa,,Gd,Te,/f Te with x= 0.005, 0.01, 0.02 and 
f=0.7vol% were prepared by a fusion method. Elemental copper (99.999wt.%), 
gadolinium (99.99wt.%), tellurium (99.999wt.%) powders and gallium chunk(99.99wt. 
%) were weighed accurately according to the desired composition, and sealed in an 


evacuated quartz tube, which were heat-treated in horizontal furnace at 1323 K for 
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24hours with the heating rate of 2 K/min. The obtained ingot is ground into powder. 
The powders about 2.5g are compacted by hot-pressing technique at a pressure of 300 
MPa in a diameter of 15 mm tungsten carbide die in vacuum for | hours. The sintering 
temperature and heating rate are 623 K and 7 K/min, respectively. After a natural 
cooling process, bulk sample with dimensions of cylinder ®15 mm x 2 mm in thickness 


can be obtained. 


The product is characterized by X-raydiffraction (XRD) using Philips X’Pert PRO X- 
ray diffractometer equipped with graphite monochromatic Cu-Ka radiation (A= 1.54056 
A). The operation voltage and current are kept at 40 kV and 400 mA, respectively. The 
accurate lattice parameters were determined from the d values of the XRD peaks using a 
standard least-squares refinement method with a Si standard for calibration. 
Microstructures were studied by using high resolution transmission electron microscopy 
(HTEM; JEOL JEM-2010) operating at a 200 kV accelerating voltage. The densityD of 
hot-pressed bulk samples was determined by the Archimedes’ method and found to be 
at least 97% of the theoretical density. The resistivity p and the Seebeck coefficient $ 
were measured by using a commercially available instrument (ULVAC, ZEM-3) in He 
atmosphere. Thermal diffusivity (a) was measured by the laser flash method using a 
Netzsch LFA 457 instrument. The heat capacity C, was obtained with a differential 
scanning calorimeter (DSC) (Perkin-Elmer, USA). Thermal conductivity K was 
calculated based on the relationship k= a-C,:D. The Hall coefficients were measured 


using the Van der Pauw technique under a magnetic field of 0.72 T. 


3. Results and discussion 


Fig.1(a) shows the powder XRD patterns of polycrystalline samples. It can be seen from 
Fig.l(a) with x-0 that the main diffraction peaks can be indexed to the phase of 
CuGaTe; (PDF#65-0244), belonging to the chalcopyrite structure, indicating that the 
specimens have the same crystallographic structure as that of CuGaTe.(insert of 
Fig.1(a)). In comparison, three weak diffraction peaks (20=27.56°, 35.19° and 38.39° 
respectively) were observed for the samples with x=0.01 and x=0.02, which can be 
traced to the elemental Te (PDF#78-2312). Calculated from the XRD data, the lattice 
parameters a and c for CuGaGdTe; (x=0) and CuGa;.,Gd,Te./0.7vol% Te (x=0.005, 
0.01, 0.02) are shown in table 1. a and c for pure CuGaTe; in this work are 6.021x10' 
m and 11.963x10'' m, respectively, which are slightly different from the reported data 
(a-6.016x10''m and c = 11.942x10''m(40)). It can be seen that gadolinium doping 
causes the decrease in the lattice parameters a and c, which may be caused by the lattice 
distortion after Gd doping, as discussed below. The low-magnification bright-field TEM 
image for CuGao99Gdo1Te2/0.7vol.%Te (Fig. 1(b)) reveals that the particles with size of 
wide range from nanostructure (<~150nm) to micro-scale are observed. An amplified 
HRTEM image in the rectangle area in Fig. 1(b) is shown in Fig. 1(c), which indicates 
that the lattice spacing of about 3.85A corresponds to (1 0 0) planes of hexagonal Te 
and the interplanar spacing of about 3.46 A can be assigned to the (1 1 2) lattice plane 
of cubic CuGaTe>. These results suggest that Te nanoparticles are embedded in 


CuGaTe, matrix, forming CuGaTe,/0.7vol. %Te nano-composite. 


The temperature dependence of electrical resistivity p for CuGa).Gd,Te2/0.7vol.%Te 


(O<x<0.02) is shown in Fig. 2(a). p for pureCuGaTe> increases slightly with increasing 
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temperature until T-500K, and then decreases with further increasing the temperature 
(dp/dT<0), indicating that CuGaTe; is a thermal activated semiconducting behavior[48]. 
However, the metal-like behavior (dp/dT>0) in p(T) curves is found for doped 
compound CuGa,,Gd,Te; /0.7vol.%Te (x>0). In other words, a transition from 
semiconductor-like to metal-like behavior is occurred after Gd doping. In addition, the 
electrical resistivity for nano-composite CuGa;..Gd,Te/0.7vol.%Te (x>0) is smaller 
than that of pure CuGaTe,. The Hall coefficient, Ry, at room temperature (RT) is 
positive for CuGaTe;, which indicates p-type or hole conduction in this system. 
Assuming parabolic bands and a single band conduction process at 300 K, we estimate 
the carrier concentration, p, from the formula: p=1/eRy, where e is the carrier charge. 
The carrier concentrations p are 1.49x107), 3.87x107' cm®?, 2.17x10” and 6.42x107 cm? 
for x=0, 0.005, 0.01 and 0.02, respectively (Table 1). The holes concentration of pure 
CuGaTe, p=1.49x10' cm” at room temperature, which is different from the reported 
data (p=1.1x10'8 cm' [40] and p-2.05x107' cm*[49]), which can lead to the difference 
in the electrical resistivity, for example, the report data [40] is nearly five times as the 
p value (7.87x10°Q-m) for pure CuGaTe; at room temperature. A small difference in 
the sample composition, such as the Te content, would lead to a distinct difference in 


holes concentration p and thermopower S values [40]. 


As we know, pure CuGaTe is a p-type semiconductor [40]. However, one can find the 
transition from semiconducting to metal-like behavior after Gd substituting for Ga. The 
reason for the transition may be lie in that the holes concentration p for CuGaj- 


xGd,Te,/0.7vol.%Te increase after Gd substitution, which leads to the fact that Fermi 


level Er shift into (or near) valence band. As a result, a degenerated semiconductor has 
been formed. The value of holes concentration in room temperature increase rapidly 
from 1.49x10'° cm? to 3.87x10'° cm', 2.17x107 cm' with Gd doping content x 
increasing from 0 to 0.005 and 0.01, then holes concentration p increase slightly to 
6.42x10” cm”? with Gd content x further increasing to 0.02. Since the radius of Gd'' 
(0.94 A) is larger than that of Ga** (0.62 A), the substitution of Gd for Ga would 
produce lattice distortion and point defects e.g. vacancies of Cu and/or Ga, such as Vou’ 
and Vca' (46, 50]. And the lattice distortion has been verified by the measured lattice 
parameters as seen in table 1. It can be seen from table 1 that the value of c/a decrease 
from 1.999 to 1.987, 1.991, and then 1.982 with increasing Gd content x from 0 to 
0.005, 0.01 and 0.02. This means that Gd doping in CuGaTe; will introduce acceptor 
levels into the gap and give rise to the increase in holes concentration. This is to say, Gd 
substitution for Ga acts as holes doping in this system, which can explain the obvious 
decrease of both electrical resistivity p and thermopower S after Gd doping at room 
temperature, as shown in Fig.2 (a) and (b). One can see from Fig.2 (b) that the sign of 
thernopower S for all specimens are positive, indicating that the majority of the carriers 
were holes. The values of $ for doped compounds are smaller than that of pure CuGaTe; 
in almost whole investigated temperature range. One notices that for all samples values 
of S increase with increasing temperature in the investigated temperature range, which 
indicates that the transport behavior is dominated by intrinsic excitation at higher 


temperature , as demonstrated in table 1. Furthermore, the increased hole concentration 
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p also explains why S decreases with increasing Gd content, for S is inversely 


proportional to carrier concentration p, as expressed by Mott equation: 
(1) 


where o is the electrical conductivity, q is the carrier charge, kg is the Boltzmann 
constant, and Eç is the Fermi energy. One can see from equation (1) that $ increases (or 
decrease) with decreasing (or increasing) p. Figure 2(b) shows that the room- 
temperature S decreases with increasing the Gd content, the value of S decreases from 
42.0 to 24.1, 23.3 and 15.4 uVK', accompanying with the increase in the hole 
concentration p from 1.49x10' to 3.87x10', 21.7x10° and 64.2x10" cm”, 
respectively. One can notice that the value of S at room temperature is different from the 
report data [18, 40], which cause by the difference in the sample composition, as 
discussed above. Fig.2(c) shows the temperature dependence of power factor (PF) for 
CuGa)..Gd,Te2/0.7vol.%Te (0<x<0.02), we can see that the power factor for the pure 
CuGaTe, reached 0.85x10°W-m'-K* at 763K, slightly larger than the report data 
(~0.75x10°W-m"-K” at 721K)[43] for the pure CuGaTep. It can be seen from Fig.2(c) 
that PF of the specimen of x=0.01 reached a maximum value of 0.58x107W m'-K' at 
737K. However, as the temperature further increasing, the power factors of Gd doped 
compounds CuGa,,Gd,Te,/0.7vol.0Te (x>0) present a drop due to the abrupt increase 


of the electrical resistivity. 


Fig.3(a) shows the temperature dependence of thermal conductivity x for CuGaj. 


xGdxTe: /0.7vol.%Te (0<x<0.02). The value of x decrease rapidly with increasing 


temperature, indicating that phonon conductivity dominated « for all the samples[48]. 
The « values for the composite samples are smaller than that of pure CuGaTe; sample 
due to the incorporation of nano Te. Specially, the thermal conductivity of the specimen 
CuGao.0sGdo.02Te2/0. 7vol.%Te decrease to 0.45 Wm''K"' at 684K, ~74% smaller than that 
of pure CuGaTe; (k=1.76 W-m'-K' at 684K), which ascribe to the remarkable decrease 
in lattice thermal conductivity xı. The total thermal conductivity « can be expressed by 
the sum of lattice component (ki) and hole component (ki) as k=K;+k,. The ki values can 
be estimated from Wiedemann-Franz’s law as k,=LT/p (here L is the Lorentz number, 
L=1.5x10°V’K* [40] for CuGa;..Gd,Te,/0.7vol.%Te (0<x<0.02), as seen in figure 3(b). 
Consequently, Kı can be obtained from « and Ki, as shown in Fig.3(c). It can be seen by 
comparing Fig.3(a) with Fig.3(c) that the values and temperature dependences of lattice 
conductivity ki are similar to those of the total thermal conductivity x. These results 
indicate that thermal conductivity of CuGa,.Gd,Te./0.7vol.%Te (0<x<0.02) come 
mainly from their lattice conductivity. Obviously, we can see from figure 3(c) that 
lattice conductivity Kı of Gd-doped samples present an abruptly drop at ~600K, which 
cause by the melting of nano tellurium particles (the melting point can become lower 


when the particles become smaller[52]). 


The temperature dependence of ZT values for CuGa;..GdxTe2/0.7vol.%Te (0<x<0.02) 
are shown in figure 3(d). One can see that the ZT values of all samples increased with 
increasing temperature in almost whole temperature range. ZT of the sample for x=0.01 
have a maximum value, reaching 0.75 at 737K, which is ~115% larger than that of pure 


CuGaTe, at the same temperature (ZT=0.34 at 737K). 
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4. Conclusions 


In summary, polycrystal samples CuGa,,Gd,Te; (0<x<0.02) incorporated with 
nanostructured Te (0.7vol.%) were prepared by fusion method. The thermoelectric 
properties were investigated in 300-800K. The synergistic effect of Gd-doping and Te 
incorporation is proved to an effective method to tuning the carrier concentration and 
lowering the value of thermal conductivity, thereby enhancing the thermoelectric 
properties of CuGaTe. The sample CuGao9sGdo0:1Te2/0.7vol.% has the largest ZT value, 
reaching 0.75 at 737 K, which is ~115% larger than that of pure CuGaTe; at the same 
temperature. And the maximum 0.75 is 25% larger than the report data (ZT~0.6 at 
737K) [40]. All the results indicated that CuGao 99Gdo0:Te2/0.7vol.% is a promising 


candidate as a thermoelectric material in the middle temperature range. 
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